Purpose: To identify the rupture locations of idealized physical models of abdominal aortic aneurysm (AAA) using an in-vitro setup and to compare the findings to those predicted numerically.
rupture. Approximately 500,000 AAAs are diagnosed worldwide each year, 2 resulting in 15,000 deaths per year in the US alone. 3 Typically, an AAA is surgically repaired once it reaches/exceeds a diameter of 5 to 5.5 cm. There have been reports that this threshold may lead to inaccurate surgicaldecision making because not only can smaller AAAs rupture, [4] [5] [6] but also large AAAs can remain stable. 6 By applying the definition of material failure, we know that an AAA will rupture when the locally acting wall stress exceeds the local wall strength. Currently, much research is aimed at examining the AAA wall stress distributions with a view to improving rupture prediction. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] Researchers have also examined methods to determine the strength of the AAA wall, both invasively from excised tissue [17] [18] [19] and noninvasively. 20 While there is much focus on attempting to numerically understand the mechanics of AAA rupture, only limited work has focused on the development of experimental methods of determining rupture potential.
Previous work by Morris et al. 21 reported the use of the photoelastic method in determining wall stress distributions in an idealized AAA case that used dimensions taken from a comprehensive study. 22 Morris et al. 21 observed rupture of the photoelastic model at the proximal and distal inflection points. This is the only publication in which rupture of an experimental AAA model has been reported. Callanan et al. 23 later validated this photoelastic work numerically. Other researchers 24 have also employed an idealized AAA in experimental studies, this time using strain gauges attached to a latex model to determine the stress in the AAA wall. The technique of creating rubber models of AAAs has been reported previously by Doyle and colleagues, 25 which was adapted from related techniques developed by O'Brien et al. 26 The primary purpose of this study is to identify the sites of rupture in idealized AAA models by performing in vitro rupture studies and to compare these findings with those predicted using numerical modeling. Mechanical characterization of the material used was also performed, along with the examination of silicone model wall thickness.
METHODS

Material Characterization and Validation
Silicone (Sylgard 184; Dow Corning, Midland, MI, USA), an elastomeric poly(dimethylsiloxane) (PDMS), was used to construct the physical models for this study. This transparent silicone has an ultimate tensile strength (UTS) of 7.1 MPa and a tear strength of 2.6 N/ mm, according to the manufacturer's specification sheet. Supplied in 2 parts, Sylgard 184 is mixed in a 10:1 ratio of base to curing agent. Although silicone rubber and arterial tissue are not identical in their stress/strain behavior, silicone remains the most suitable analogue.
Sample preparation. Aluminum molds were designed and manufactured to be used with the injection-molding method to create the silicone tensile testing samples. The mold cavity for the tensile test samples conformed to a type 2 tensile test specimen as outlined in BS ISO 37 standards, with a second set of molds designed for creating trouser test samples to be used for tear testing, per BS ISO 34-1 standards. The dimensions of these samples are shown in Figure 1 . The samples prepared for tear strength testing differed slightly in dimensions from those outlined in BS ISO 34-1.
The trouser test ( Fig. 2 ) specimens had ''legs'' that were extended in opposite directions to determine the tear strength of the material. The protocol for preparing samples for testing is outlined in Appendix I. Briefly, the molds were thoroughly cleaned and bolted together, and the necessary amounts of silicone were manually mixed. Degassing was required at this stage as air bubbles can get trapped in the silicone during the mixing process. Once all air was removed, the silicone was transferred from the mixing container to a syringe, where it was then injected into the mold cavity. Further degassing in a vacuum was required after the injection process. The mold was then placed into an oven at 45uC for 18 hours to ensure adequate curing of the samples. Once cured, the samples were removed from the mold and left at room temperature for 3 hours before further preparation for both tensile and tear testing.
Uniaxial tensile testing (Appendix II) . Using a test apparatus (H25KS; Tinius Olsen, Surrey, UK) with a 1-kN load cell, an extension rate of 500 mm/min was applied, as recommended in BS ISO 37 for type 2 specimens. Each sample was preconditioned in an initial 10cycle, 20% extension stretch-relax program to stabilize the stress-strain function of the material and overcome the Mullin's effect. 27 The sample was then stretched to failure. Nine samples were used (the BS ISO 37 recommends that at least 3 samples be used to determine material properties).
Tear testing (Appendix III) . The Tinius Olsen test apparatus was used to apply an extension rate of 100 mm/min to each of 12 samples per BS ISO 34-1. Figure 2 shows the load directions that were applied to the trouser test specimen when the legs were pulled in opposite directions until the point of complete material failure.
Strain energy function. To mechanically characterize the material, the experimental data from the tensile tests was converted to engineering stress and engineering strain and then a 4 th order polynomial curve was fitted to the data to obtain a representative experimental data curve. The polynomial curve applied to the experimental data was then used as the material model for the finite element analysis (FEA), which was performed with the ABAQUS commercial FEA solver (version 6.7; Dassault Systems, Simulia, RI, USA). A dumbbell model identical to that of the tensile tests was replicated numerically, with the 4 th order polynomial curve applied to represent the experimental data; this was used to determine the most suitable strain energy function (SEF). Various SEFs were examined, such as the Neo-Hookean, Ogden, Yeoh, and Mooney-Rivilin, to determine the most applicable SEF. Material constants could then be determined for any chosen SEF, thus allowing the material to be readily modeled in numerical studies.
Finite element analysis. By replicating the tensile test experiments using a numerical simulation, the accuracy of the material coefficients could be examined. For this, the numerical model was simulated in the same manner as that of the tensile tests, with a halfmodel analyzed due to symmetry. The model was constrained from all movement at one end, with a displacement constraint identical to that of the tensile test applied to the opposite end. Mesh independence was determined by examining the stress and strain experienced in a particular node at the center of the gauge length over the duration of the loading. This was performed for mesh densities of 260, 1752, and 5000 elements. A mesh of 1752 elements was deemed adequate as there was no significant difference in results when the mesh density was increased to 5000 elements.
Rupture Modeling
Experimental AAA model. In order to study the rupture of the aneurysm in vitro, a previously reported 21, 23, 26 idealized AAA model was used. This ideal AAA was developed using realistic dimensions obtained from the EUROSTAR data registry. 22 In brief, the ideal AAA was geometrically symmetric, with a maximum internal diameter of 50 mm, a total length of 260 mm, and a 2-mm uniform wall thickness. Experimental ideal AAA silicone models were manufactured using the lost-wax process previously reported by our group. 25, 26 Using this technique, male and female aluminum molds were designed using computer-aided design (CAD) and machined using a computer numerical control (CNC) 3-axis milling machine. The female mold allowed the creation of a wax model of the AAA that upon solidification was then placed into the outer male mold. This male mold had a uniform wall cavity of 2 mm that facilitated the injection of silicone around the wax model. Once the silicone rubber was cured, the complete model could be removed and the wax melted out from the model. To ensure the optimum uniform wall thickness of the resulting silicone rubber model, the female mold was heated to slow down the solidification process of the wax model, which reduces the amount of shrinkage involved with the cooling process, resulting in more accurate wax models. An accurate wax model allows a uniform 2-mm cavity to surround the wax upon placement in the male outer mold. Five AAA models to be used in the rupture study were manufactured using this technique, with a further 4 models created to determine wall thickness.
Experimental setup. The experimental test rig consisted of a series of mirrors, a pneumatic airline, a pressure regulator, a pressure manometer, a high-speed camera and various clamps and silicone tubing. The use of correctly positioned and angled mirrors allows 360u of the model to be viewed, which is of paramount importance to the success of the experiments (Fig. 3) . A high-speed camera (Olympus i-Speed; Olympus Corporation, Tokyo, Japan) was used to capture the point and location of rupture. This camera was capable of recording images at rates up to 33,000 frames per second (fps). A pixel resolution of 8003600 at 1000 fps was deemed adequate for this application, and images were recorded using a monochrome image sensor. Once the AAA model was attached to the test rig, the high speed camera was adjusted to ensure optimum focus and angle. After a satisfactory setup was established, the air pressure was increased and the camera set to record. Air pressure was incrementally increased by 20 mmHg every 30 seconds until rupture occurred. The pressure readings were also recorded in the video image and so could be examined post rupture.
Measurement of wall thickness. In order to determine the variations in wall thickness throughout the AAA models, 4 additional silicone rubber ideal AAA models were created. These models were sectioned at 20-mm increments along the longitudinal distance of each model ( Fig. 4 ), similar to a measurement technique previously reported. 25, 26 Cross sections were then measured for wall thickness at 4 90u equidistant locations. Results for each region were averaged across the 4 models so that regional variations in thickness could be compared. Wall thickness measurements were then analyzed using SPSS 15 (SPSS Inc., Chicago, IL, USA) to determine the 25 th and 75 th percentiles, maximum and minimum wall thickness, and the mean 6 standard deviation.
Numerical Modeling
To correlate experimental and numerical results, the evaluated material constants were applied to the ideal AAA model and implemented in the FEA software. The pressure loadings observed experimentally were then applied numerically. Boundary conditions similar to the experimental setup were implemented in the virtual AAA model, so that the model was constrained from all movement at the proximal neck and iliac legs. Due to the symmetrical nature of the model, only half the model was numerically analyzed using symmetry constraints to reduce computational time. Each model was meshed using 3dimensional (3D) stress elements with mesh independence performed as previously reported. 13 This mesh independence test involves increasing the number of elements of the mesh until the peak stress is ,2% of that recorded with the previous mesh size. Initially, a uniform 2-mm thick model was subjected to an internal pressure of 364.6 mmHg, which is an average of the 5 rupture pressures observed during the experiments. The model was also tested using all 5 of the actual experimental rupture pressures. Peak von Mises wall stress was analyzed along with peak wall tension. 19 In order to gauge the effect of wall thickness on the resulting wall stress, AAA geometries were created using varying wall thickness corresponding to the 25 th and 75 th percentiles, maximum and minimum wall thickness, mean wall thickness, a thick walled inflection region, and a thin walled inflection region. This required the creation of an additional 7 numerical models. Each of the models was subjected to an internal pressure of 120 mmHg, which is commonly regarded as the average peak systolic pressure of the cardiac cycle. By applying a common internal pressure, the stress on the AAA wall could be compared across each model. A sample numerical model can be seen in Figure 5 , which shows the finite element mesh and boundary conditions used in the study.
RESULTS
Material Characterization and Validation
Uniaxial tensile test. Tensile testing revealed that the mean UTS of Sylgard 184 Tear test. Tear testing showed that the mean tear strength of the material was 0.41960.094 N/mm. The manufacturers reported a 2.6-N/mm tear strength on the specification sheet, but it is known that results can depend heavily on the type of tear test sample used 28 ; therefore, it is difficult to compare our results with those of the manufacturer. For this study, the average tear strength of 0.419 N/mm was taken as the maximum wall tension that the material can resist prior to rupture.
Strain energy function. For this particular material, the 3 rd order Ogden SEF proved to be the most suitable constitutive equation because it provided a good curve fit to the data (R 2 50.9812) and was also stable at all stresses and strains. The ABAQUS form of the Ogden SEF is shown in Eqn. 1:
where W is the strain energy density per undeformed unit volume, (l 1 , l 2 , l 3 ) are the principal stretch ratios, a is a strain hardening exponent, and m has the interpretation of the shear modulus under infinitesimal straining.
The resulting material coefficients are presented in Table 1 .
Finite element analysis. The results of the FEA and the uniaxial tensile tests compared favorably ( Fig. 7) , thus establishing confidence in the material characterization of Sylgard 184.
Rupture Modeling
Experimental rupture tests. Of the 5 silicone models ruptured in vitro, 4 models experienced rupture at a region of inflection on the surface of the model. An inflection point is defined as a point on the AAA surface at which the local AAA wall shape changes from concave outward to concave inward. 29 This finding is consistent with previous numerical and experimental reports by our group 13, 21, 23 and others, 29 who noted peak stresses occurring at these regions instead of at the maximum AAA diameter. A summary of the rupture locations along with corresponding burst pressures is shown in Table 2 . One silicone model ruptured at the iliac bifurcation. The sequence of events leading to rupture for Test 1 can be seen in Figure 8 , which shows the frame where the material failure initiates, leading to rupture, and ultimately complete failure of the silicone model.
Wall thickness results. Wall thickness was assessed by slicing the 4 ideal AAA models into cross sections (Fig. 9 ). These 4 models were made using the same process as the previous AAA models. Table 3 shows the average regional wall thicknesses corresponding to the sections in Figure 9 . This Engineering stress refers to the stress associated with the initial cross-sectional area of the material. Engineering stress is defined as s E 5F/A, where s E is engineering stress, F is force, and A is crosssectional area. Engineering strain is defined as e E 5Dl/l, where e is engineering strain, Dl is the change in gauge length, and l is the original gauge length. AAA RUPTURE LOCATIONS table also shows the wall thickness used to create numerical models, with thick and thin regions at the inflection points. The minimum wall thickness recorded in any model was 1.17 mm and was located at the iliac bifurcation region. The maximum wall thickness was 2.53 mm and was also found at the iliac bifurcation region. The effect of wall thickness on stress distributions within the AAA sac is displayed in Figure 10 . The uniform 2-mm wall model appears to represent the overall behavior of the AAA model regardless of variations in wall thickness, with the exception of the ''min'' thickness model. This study highlighted that the inflection region, in particular the proximal inflection region, experiences higher stresses than the maximum diameter region regardless of wall thickness.
¤ ¤
Numerical Modeling
Stress distributions on the surfaces of the virtual AAA model reveal that high stresses occur at the regions of inflection and not at regions of maximum diameter. This has been previously shown by our group for this particular idealized AAA model both numerically using FEA 23 and experimentally using the photoelastic method. 21 The resulting von Mises stress distribution on the surface of the ideal AAA at a mean experimental pressure of 364.5 mmHg, along with the image captured at the point of rupture, is shown in Figure 11 . Applying the same mean internal experimental pressure to the FEA model (364.5 mmHg) returned a peak stress of 1.16 MPa located at the iliac bifurcation. The figure also shows the qualitative agreement in stress distributions at this pressure loading with the rupture location found experimentally. Inflection zones experience higher stress than regions of maximum diameter. Wall stress results can also be expressed as wall tension results, as the failure tension of the wall is believed to be a better indicator of a region's susceptibility to failure, 19 with peak wall tension 5 peak wall stress 3 wall thickness. The numerical results from the 5 ranges of pressures applied during the experimental tests resulted in varied wall stresses and wall tensions ( Tables 4 and 5 ).
DISCUSSION
The focus of this study was to experimentally rupture idealized silicone AAA models and compare these locations to numerical predictions. There has been little reported on the in-vitro rupture of AAAs, with much focus on the computational analysis of these aneurysms. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] Morris et al. 21 observed rupture locations at the inflection regions the using the photoelastic method. These rupture locations correlate with the sites of rupture experienced in our study.
Nine models were manufactured using the injection-molding technique, 25, 26 of which 5 were experimentally ruptured and 4 were used to assess wall thickness. Although silicone rubber does not behave identically to arterial tissue when subjected to large , where s T is true stress, s E is engineering stress, and e E is the engineering strain. True strain is defined as e T 5ln(1+e E ), where e T is true strain and e E is the engineering strain. ¤ ¤ strains, it is currently the most suitable analogue and has been widely used in previous studies. 25, 26, 30, 31 Until a more suitable material is available, one that possibly incorporates the layered structure of the arterial wall and the presence of a fibrinous network (collagen and elastin), silicone rubber will remain the most feasible arterial mimic.
¤ ¤
Material Characterization
During tear testing, the tear in each sample was smooth, possibly indicating that the bond within the PDMS chains was not strong enough to prevent rupture under an applied force. 32 Tensile testing documented a UTS that correlated well with the manufacturer's specifications, and numerical replication of the type 2 dumbbell sample used for the tensile tests agreed well with the experimental data. The 3 rd order Ogden model was selected as the optimum strain-energy function for this particular material; it allowed the material to remain stable at all stresses and strains within the ranges presented. To numerically model the actual rupture of the silicone models, a different approach to the traditional continuum mechanics method could be used. This could take into account the supersonic rupture of rubber 33 and may provide a further insight into the rupture behavior of these models. For the purpose of this article, we are interested in rupture regions of the models, not the numerical quantities per se.
Rupture Modeling
The use of a high-speed camera to record the point of rupture proved to be a very powerful experimental tool. As image quality was of paramount concern with this work, determining the optimum resolution and frame rate was crucial to the success of the testing. The mirror-wall arrangement also proved to be very effective for allowing all 360u of the model to be viewed. Upon pressurization, the AAA models did not inflate uniformly, resulting in asymmetry, possibly due to localized variations in wall thickness. However, it was shown that variations in wall thickness do not significantly affect the overall stress distributions, with the exception of the ''min'' thickness model. Rupture pres-sures varied significantly for 2 of the 5 models. Four models experienced rupture at an inflection region. Elevated stresses at regions of inflection have been previously reported in experimental models, using both the photoelastic method 21 and rosette strain gauge arrangements. 24 Flora et al. 24 observed stresses at the inflection region nearly twice those experienced at the region of maximum diameter. The one model that ruptured at the iliac bifurcation was unusual; in a clinical setting, real AAAs rarely rupture at the iliac bifurcation. Rather, rupture is typically at the posterior wall, 5 so the iliac bifurcation region of our model may have had a localized flaw.
Wall Thickness
The mean wall thickness of the models was comparable to the 2-mm original design of the aluminum molds, so it was acceptable to use a uniform 2-mm wall to numerically represent the ideal AAA. The statistical method to determine the 25 th and 75 th percentiles of the wall thickness allowed us to create realistic wall thickness variations in the numerical AAA models. The maximum and minimum wall thickness values were also used to create ''worst case scenario'' AAA models with quite large variations in wall thickness. Also, two models were generated that had extreme changes in wall thickness (referred to as Thick and Thin Inflection in Table 3 ). Computations of the wall stress revealed that the inflection regions, particularly the proximal inflection zone, experi-¤ ¤ 
¤ ¤
Thickness values were applied to numerical models to determine the effect of wall thickness on stress results. AAA regions correspond to Figure 9. enced higher stress than the region of maximum diameter, regardless of wall thickness variations.
Numerical Modeling
The peak wall stress located immediately prior to the iliac bifurcation was much lower than the UTS of the material, so one would not expect rupture of the model. Peak stresses at the iliac bifurcation are common in numerical computations of AAA wall stress. It is known that stress artifacts arise due to the inclusion of this bifurcation, and a method of evaluating and refining this localized stress region has yet to be developed. 34 The peak stress obtained numerically was on average only 13.8% of the UTS, with the stress at the inflection regions even less (8.4%). The manufacturers state that UTS values can have a very large range, so the stated 7.1-MPa UTS can actually be as low as 3.5 MPa.
Wall tension in these models exceeded the tear strength of the material, which may suggest that the model would experience rupture in all cases examined, if indeed tear strength is to be considered a possible indicator of material failure strength. At elevated pressures, silicone AAA models may rupture due to the pressure applied to the inner surface, causing an increase in wall tension and propagation of a nick or tear, ultimately leading to complete failure of the silicone wall. In realistic situations, calcified deposits embedded in the AAA wall may raise stress and could act as rupture initiators. Ruptures may occur at these areas, in particular if calcifications occur at regions of inflection. Analogue models to replicate calcified deposits can be included in future rubber models using available techniques at our laboratory.
Good agreement was observed when comparing the experimental rupture locations with the high stress regions found using FEA. It is believed that the geometry of the idealized AAA model may play a role in rupture behavior. The 3D nature of the model, along with slight deviations in wall thickness, 25, 26 may increase the likelihood of rupture. Another interesting point to note is that when the experimental model is inflated, Figure 10 ¤ Effect of varying wall thickness on wall stress results. X-axis refers to the longitudinal distance from above the AAA sac to immediately above the iliac bifurcation. The line on the AAA model (between the brackets) indicates the path of stress results. The ''25 th '' and ''75 th '' refer to models created using the 25 th and 75 th percentiles of the wall thickness results; min, max, and mean refer to models created using the corresponding wall thickness values recorded. the radius of curvature of the inflection region changes, while the numerical model does not experience such a significant change. This may also contribute to the difference in the wall stress results.
Also, it is known that no silicone model is absolutely free from defects and imperfections. The manufacturing process results in a silicone model that may contain microscopic flaws. Tensile testing determined the UTS of the material using planar dog-bone shapes, whereas the AAA model has regions of inflection, along with a bifurcation branching into the iliac arteries. These factors may all contribute to the propensity of the silicone model to rupture, and hence the FEA results would differ somewhat. It has also been reported 31 using the Law of Laplace that actual AAAs can withstand up to 982 mmHg before rupture, with much variability between intrasac rupture pressures. 35 Our group has begun work on the rupture of realistic AAA models and the correlation with both FEA-predicted and photoelasticpredicted high stress regions. Also, our group has developed a successful method of creating silicone AAA models complete with a region of intraluminal thrombus (ILT) and representative calcified deposits. Numerical modeling has shown that thrombus reduces wall stress, 13, 15, 36 but it has a negligible effect on wall pressures in vivo, 37 so there is also a need to examine the role of ILT on in-vitro rupture tests. Calcifications can affect numerically computed wall stress and also decrease the biomechanical stability of the AAA, 38, 39 so they should be included in future work.
Limitations
A more suitable AAA wall analogue could be employed. Use of silicones with lower tensile strengths would allow lower, more realistic pressures to cause rupture. Work has begun in our group on the use of more suitable arterial vessel analogues. 40 Also, the use of a realistic cardiac pressure wave instead of static air pressure may alter the results. These factors are to be examined in future work.
Conclusion
According to the experimental and numerical findings presented here, AAAs experience higher stresses at regions of inflection com-¤ ¤ Ruptures of the idealized silicone models occurred predominantly at the inflection points, as numerically predicted. The use of a high speed camera is a useful experimental tool in observing rubber AAA rupture locations. To improve the method described, more suitable arterial analogues that mimic arterial properties more closely are required, thus possibly leading to an improved understanding of AAA rupture. Regions of inflection can be easily identified from basic 3D reconstruction, and as ruptures appear to occur at inflection points, these findings, along with future work, may provide a useful insight into the clinical significance of inflection regions.
is clamped in the same position each time. 4. Set up the software with the pre-determined loading and failure criteria.
a. Dimensions 5 Input thickness of sample (mm) b. Extension rate 5 100 mm/min (BS ISO 34-1)
5. On failure of sample, the machine resets to pre-determined setting. 6. Software automatically generates tear strength (N/mm) and other user-defined variables. 7. Record data and repeat the test for the next sample.
